but no concerted eff orts were made to identify sources of the essential minerals such as Fe and Zn. The genebank at ICRISAT in Patancheru, India, maintains a large global collection (15,445 accessions) of peanut germplasm. However, it is impractical to screen such a large collection for quality traits mainly as it involves huge cost in chemical analysis. Frankel (1984) proposed the development of a reduced subset of germplasm in the form of core collection (10% of entire collection) representing diversity in the entire collection of a species as the ideal resource to identify new sources of variation for use in crop improvement programs. Toward this end, Upadhyaya et al. (2003) developed a core collection of 1704 accessions in peanut and subsequently a mini core (1% of the entire collection) (Upadhyaya et al., 2002) collection of 184 accessions after detailed morphoagronomic evaluation of the core collection. The mini core collection adequately represented the wide range of variability present in the core as well as in the entire collection. Extensive evaluation of the mini core collection over the years resulted in the identifi cation of diverse accessions tolerant to drought and salinity (Upadhyaya, 2005; Srivastava, 2010) , resistance to multiple diseases (Kusuma et al., 2007) , and for seed quality traits such as protein, oil, and oleic:linoleic fatty acid ratio (Upadhyaya et al., 2012) . However, no systematic eff orts were made, except a few studies that reported some variability in kernel Fe and Zn in popular cultivars (Asibuo et al., 2008) , breeding lines (Nigam et al., 2010) , and market samples (Cabrera et al., 2003) , to mine germplasm for variation in grain Fe and Zn concentrations. There is no published report on variability and stability of Fe and Zn in germplasm subsets representing diversity of entire collection in peanut. This investigation was initiated to study variation for kernel Fe and Zn concentrations in the peanut mini core collection, developed from global collection at ICRISAT (Upadhyaya et al., 2002) , identify genetically diverse accessions with high kernel Fe and Zn and good agronomic performance, and make these accessions available to researchers worldwide for use in peanut breeding and genomic studies.
MATERIALS AND METHODS
One hundred eighty-four accessions of peanut mini core collection representing two subspecies and six botanical varieties (Upadhyaya et al., 2002) together with four controls (M 13, ICGS 76, ICGS 44, and 'Gangapuri') were evaluated for three seasons (2009 rainy and 2009/2010 and 2010/2011 postrainy seasons) in alpha design with three replications in precision fi elds on Alfi sol (clavey-skeletal, mixed, isohyperthermic family of Udic Rhodustalfs) (Nagabhushana et al., 1987) at Patancheru (17°24′ N, 78°12′ E, and 536 m altitude), India. The precision fi elds at ICRISAT have a slope of 0.5%, uniform fertility, and Fe and Zn contents always greater than the critical limits (2.0 mg kg −1 for Fe and 0.75 mg kg −1 for Zn) (K.L. Sahrawat, ICRISAT, personal communication, 2012) . The plot size consisted of two rows 4 m in length spaced at 60 cm between rows and 10 cm within row.
All the four controls are released cultivars in India. M13 (Reddy, 1988) and ICGS 76 (also known as ICGV 87141 or PI 546372) (Nigam et al., 1991) , which are adapted to rainfed agroecologies, belong to A. hypogaea subsp. hypogaea var. hypogaea while ICGS 44 (also known as ICGV 87128 or PI 537112) (Nigam et al., 1990) , adapted to irrigated postrainy season, belongs to subsp. fastigiata var. vulgaris Harz and Gangapuri (Isleib et al., 1994) belongs to subsp. fastigiata var. fastigiata (Waldron) Krapov. & W. C. Greg. The seeds were sown at uniform depth and the crop specifi c agronomic practices and plant protection measures were followed to raise a successful crop. The plots received 60 kg P 2 O 5 and 400 kg gypsum ha −1 with 12 irrigations in the postrainy season and six irrigations in the rainy season, totaling about 5 cm of water each time the crop was irrigated. Five representative plants in each plot were tagged randomly to record observations on various qualitative and quantitative traits. Data were recorded on a plot basis for days to 50% fl owering, pod yield (kg ha −1 ), shelling percentage, and seed weight (g per 100 seeds). A 200 g matured pod sample was used to estimate shelling percentage. Sound mature kernels were provided to the Central Analytical Services Laboratory, ICRISAT, Patancheru, for chemical analysis. Care was taken to avoid contamination of seeds with dust, trash, or other foreign material. The seed samples were dried, powdered, and digested using the tri-acid mixture to determine the Fe and Zn contents by atomic absorption spectrophotometry (Sahrawat et al., 2002) .
Statistical analysis of the data was done following the residual maximum likelihood method (Patterson and Thompson, 1971 ) with seasons as fi xed and entries as random on GenStat 14.1 (VSN International, 2011) . The components of phenotypic variance due to genotype (σ 2 g) for the entire mini core and for subsp. fastigiata and subsp. hypogaea for individual seasons and across seasons and the variance due to genotype × environment (σ 2 ge) for the entire mini core and subsp. fastigiata and subsp. hypogaea and their residuals were calculated. The signifi cance among environments was tested using Wald (1943) statistics. Stability analysis was performed (Eberhart and Russell, 1966) to identify stable accessions for kernel Fe and Zn contents across environments. Principal component analysis of data on four agronomic and two nutritional traits on 23 selected entries and control cultivars was performed (Hotelling, 1933) . The mean observations for each trait were standardized by subtracting from each observation the mean value of the trait and subsequently dividing by its respective standard deviation (SD). This resulted in standardized values for each trait with zero mean and SD of 1. The standardized values were used to perform principal component analysis using GenStat 14.1. Cluster analysis using the Ward (1963) method was performed with scores of the fi rst fi ve principal components.
RESULTS AND DISCUSSION
Residual maximum likelihood analysis of individual environment data indicated highly signifi cant σ 2 g for pod yield, days to fl owering, shelling percentage, 100-seed weight, and kernel Fe and Zn contents. The magnitude of σ 2 g was similar for both nutrients in the rainy season (2009) but the σ 2 g for Zn was two to four times greater in postrainy seasons than σ 2 g for kernel Fe. The pooled analysis of data over three environments also revealed the signifi cance of The σ 2 ge was of equal importance for days to fl owering in subsp. fastigiata and nonsignifi cant in subsp. hypogaea (Table  1 ). The signifi cance of Wald statistic (Wald, 1943) ) indicated that the environments were signifi cantly diff erent.
The Fe content varied from 20.7 to 30.8 mg kg ) and Zn (37.3 σ 2 g for all the traits (Table 1) , indicating wide genetic variation among the mini core accessions for these traits. The σ 2 ge was signifi cant for all traits indicating that the growing environments infl uenced the performance of the genotypes. The relative proportion of these variances revealed that σ 2 ge was twice that of σ 2 g for grain Fe and Zn while σ 2 g was two-to fourfold greater than σ 2 ge for days to fl owering and 100-seed weight and both were nearly equal for pod yield and shelling percent (Table 1) .
Furthermore, σ 2 g within subsp. fastigiata (98 accessions) and subsp. hypogaea (86 accessions) was highly signifi cant for all the traits indicating the presence of signifi cant variation at subspecies level for these traits in the mini core collection. Lung'aho et al. (2011) for Fe and Pixley et al. (2011) for Fe and Zn also reported highly signifi cant genotypic variation in maize (Zea mays L.). The σ 2 ge was also highly signifi cant in both subspecies except for days to fl owering in subsp. hypogaea. The magnitude of σ 2 ge compared to σ 2 g for both Fe and Zn in subsp. fastigiata was higher (twofold) while it was reverse for Fe and equal for Zn in subsp. hypogaea. Oikeh et al. (2003) also reported a lower proportion of genetic variance for these traits (12% for Fe and 29% for Zn contents) in maize. The σ 2 ge was lower compared to σ 2 g for seed weight in both subspecies and for shelling percent in subsp. fastigiata while both the σ 2 g and σ 2 ge were equally important for shelling percent in subsp. hypogaea and pod yield in both subspecies. the Zn content was higher by 45.1% in subsp. fastigiata and 31.9% in subsp. hypogaea in the postrainy season in the mini core. The trend was similar in the control cultivars also (Supplemental Table S1 ). It is not only desirable that cultivars should possess high levels of both macro-and micronutrients but also be productive and adapted to a wide range of environments (Oikeh et al., 2003) . Considering the trait value of the best control cultivar in each of the subspecies as a benchmark, we selected accessions (48 for Fe content, 43 for Zn content, and 23 for both nutrients) that were signifi cantly superior to their respective control cultivars. These accessions are presented in Tables 2, 3 , and 4 along with their agronomic performance. ). Most of these accessions had greater 100-seed weight (>45 g) and shelling percent (>65%). Few of these high kernel Fe accessions in the previous investigation were reported to contain ~29% seed protein (ICG 4911, ICG 13982, and ICG 7963) and relatively high in oleic:linoleic fatty acid ratio (2.7 to 3 .0) (ICG 5475, ICG 5221, and ICG 15419) compared to the best control, ICGS 76 (23.8% protein and 2.7 oleic:linoleic fatty acid ratio) (Upadhyaya et al., 2012) .
Among the high Zn accessions ( ), with most of these showing linear response to environments. ICG 5051 with a near zero regression coeffi cient value showed better adaptation to poor environments and least response to better environments. The S 2 d was statistically nonsignifi cant from zero for only nine accessions (ICG 3775, ICG 297, ICG 7181, ICG 15309, ICG 10474, ICG 14118, ICG 332, ICG 11515, and ICG 9249) of subsp. fastigiata and 12 accessions (ICG 11855, ICG 4343, ICG 6667, ICG 4746, ICG 6766, ICG 3053, ICG 12672, ICG 14705, ICG 11219, ICG 5662, ICG 6402, and ICG 5827) ICG 3775, ICG 297, and ICG 11515 (subsp. fastigiata) and ICG 4343, ICG 12672, ICG 14705, and ICG 5662 (subsp. hypogaea) yielded (1811 -1943 and 1913 -2162 for ICGS 76), with most of these having higher 100-seed weight (>44 g) and shelling percentage (>65). Two high Zn (>40 mg kg ), were high yielding and responded linearly to environments for Zn. Additionally, among these stable high Zn accessions, ICG 4766 was reported to have high oil content (49.5%) and ICG 6766 and ICG 15419 have been reported to be rich in oleic acid content (60.1 to 61.1%) and high oleic:linoleic acid ratio (3.0 to 3.1), compared to the best control, ICGS 76 (58.3% oleic acid and 2.7 oleic:linoleic fatty acid ratio) (Upadhyaya et al., 2012) .
A set of 23 accessions (16 of subsp. fastigiata and 7 of subsp. hypogaea), which had both high Fe (≥25.9 mg kg −1 ) and Zn (≥34.2 mg kg −1 ) content, were also identifi ed (Table  4) . Among them, four accessions (ICG 4750, ICG 9249, ICG 10474, and ICG 15309) (Upadhyaya et al., 2012) .
Trait correlation analysis revealed that Fe and Zn contents were signifi cantly and positively correlated in the entire mini core (0.714) (values above the diagonal in Table  5 ) and among the select set of 23 accessions (0.746) (values below the diagonal in Table 5 ), as also revealed in other crops (Pixley et al., 2011; Lung'aho et al., 2011; Dwivedi et al., 2012) . As both traits showed high broad-sense heritability (73%; Table 4), simultaneous selection for improving Fe and Zn is a distinct possibility by selecting for either of the nutrients. Signifi cant negative correlations were observed between Fe content and days to fl owering (−0.536) in the entire mini core but not in the selected set (−0.162), which confi rmed the fact that correlations vary with the sample size and the genotypes in the sample. Likewise, Zn content also showed highly signifi cant negative correlation (−0.750) with days to fl owering in the entire mini core but a medium negative correlation (−0.482) among the selected set of lines. As correlations between these two nutrients and agronomic traits were of low magnitude, selection for Fe and Zn rich, high yielding, early maturing peanut cultivars with high 100-seed weight should be eff ective.
The cluster analysis of the 23 selected accessions (Fig.  1) , based on the fi rst fi ve principal components, which explained approximately 80% of the variation, indicated that the high yielding and high nutrient lines (ICG 4750, ICG 7963, ICG 14705, and ICG 15419) are also highly diverse, as they represent diff erent and distinct clusters. Therefore, they could be very useful parental lines for breeding high yielding Fe and Zn rich cultivars. Interestingly, all the improved control cultivars grouped into one cluster while the control Gangapuri, from India, occupied a diff erent cluster. Of the 22 selected accessions on which information on biological status is available in the ICRISAT databases, 14 are landraces and eight breeding lines but without information on their pedigree. The delineation of the 23 selected accessions into diff erent clusters (Fig. 2) was based on agronomic and nutritional traits.
A number of high nutrient rich lines have also been reported possessing other desirable agronomic traits. For example, ICG 5827 for resistance to drought and salinity (ICRISAT, 2009; Srivastava, 2010) , ICG 14985 for resistance to drought and afl atoxin (Aspergillus fl avus) (ICRISAT, 2009), ICG 11515 for resistance to rust and high transpiration effi ciency (Kusuma et al., 2007; ICRISAT, 2009) , ICG 4750 for resistance to intermittent drought and seed invasion by A. fl avus (afl atoxin contamination) and high protein (29.7%) ( Jiang et al., 2010; Upadhyaya et al., 2012; Hamidou et al., 2011) , ICG 15419 for resistance to late leaf spot and for high oleic acid (61.1%) (Ajay, 2006; Upadhyaya et al., 2012) , ICG 14710 for high linoleic acid content and bacterial wilt resistance (ICRISAT, 2009), ICG 6402 for late leaf spot, early leaf spot, and rust (ICRISAT, 2009), ICG 7963 for resistance to late leaf spot and A. fl avus, ICG 11651, ICG 14705, and ICG 14118 for sound mature kernels (Yugandhar, 2005) , ICG 11651 for resistance to peanut bud necrosis (Khaleed, 2008) , and ICG 10092 for cold (12°C) tolerance at germination (Upadhyaya et al., 2001) . The agronomic desirability of these high Fe and Zn lines makes them valuable for use in Table 5 . Coeffi cient correlations of entire mini core (above the diagonal) and selected 23 accessions and four control cultivars (below the diagonal). ), high shelling percentage, except ICG 15419, and high 100-seed weight, except ICG 4750. The accessions identifi ed in this study would be used in developing Fe and Zn rich peanut cultivars with superior agronomic performance.
